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We discuss two experiments ICANOE and OPERA that have been proposed within the context of long-baseline
and atmospheric neutrino experiments in Europe. The joint ICANOE/OPERA program aims at further improving
our understanding of the effect seen in atmospheric neutrinos. This program is based on (1) a continuation of the
observation of atmospheric neutrinos with the improved technique of ICANOE/ICARUS (2) a sensitive νµ → νe
and νµ → ντ appearance program with the accelerator neutrinos coming from CERN (CNGS) from a distance of
730 km.
1. INTRODUCTION
Only a few years ago, neutrinos were believed
to be massless. Today a picture is emerging in
which three (possibly more) neutrino mass eigen-
states exist and mix in different amounts to form
the flavor eigenstates relevant to the weak interac-
tion. Each year brings its load of new information
on neutrinos. But a complete neutrino pattern is
still missing. Several new experiments will fur-
ther fill in the neutrino pattern, the final goal be-
ing the comprehensive elucidation of the neutrino
masses and mixings. This goal will necessarily be
remembered as a fundamental milestone in parti-
cle physics, astrophysics and cosmology.
Focusing on experiments detecting neutrinos
produced in the Earth atmosphere, the data con-
sistently show[1–3] that muon-type neutrinos are
depleted while passing through the Earth com-
pared to those incident on detectors directly from
above. The best agreement with the data is ob-
tained by assuming a muon-type disappearance
probability given by
Pdisapp = 1− sin
2 2θ sin2(βLEn) (1)
where β = ∆m2/4 and n = −1[1]. The sin2 2θ is
the mixing amplitude squared, ∆m2 is the differ-
ence of the squares of two mass eigenstates, L is
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the path length between the source and the de-
tector and E the neutrino energy. The energy of
the involved neutrinos and the reconstructed path
lengths between production points and detectors
can be fitted assuming the disappearance expres-
sion of Eq. (1) to extract ∆m2 and the mixing
amplitude. The most stringent constraint comes
from SuperK which yields the following 90%C.L.
region[1]:
∆m2 ≃ (2− 6)× 10−3 eV2 (2)
sin2 2θ ≃ 0.8− 1 (3)
While current data are extremely convincing,
in particular that of SuperK, there is a certain
number of new measurements that can further
improve our understanding of the atmospheric
neutrino effect:
1. Only muon “disappearance” has so far been
observed; convincing signal for flavor oscil-
lation is the detection of an “appearance”
effect; the presence of matter effects disfa-
vors transitions to sterile neutrinos[1]; since
maximal νµ → νe is excluded by current
data[4], this means detecting νµ → ντ ap-
pearance.
2. Given the tau threshold, tau appearance
is most easily performed with high energy
neutrinos produced at accelerators.
3. Evidence for νµ → ντ appearance in the at-
mospheric data should also be attempted;
2this requires large exposures to accumulate
enough events at sufficiently high energy,
good event reconstruction at high energy
and good detector granularity to separate
tau decays from backgrounds.
4. The predicted L/E dependence of the fla-
vor oscillation has so far been observed with
rather poor resolution; in particular, other
models of disappearance with “exotic” de-
cays cannot be completely excluded[5]; a
convincing signal is the observation of at
least a full L/E “oscillation” which requires
sufficient L/E “range” and resolution.
In addition, most of the current analyses have
been performed within the so-called “two-family”
mixing scenario. Since we know with certainty
that three flavor eigenstates exist, we should at
least consider the mixing with three mass eigen-
states m1, m2 and m3. For the case of atmo-
spheric region, this opens the interesting pos-
sibility that oscillations involving tau-type and
electron-type take place simultaneously, though
with different probabilities. Current best con-
straints come from reactor experiments reported
by Gratta[4], which limit the element of mixture
between electron-type neutrino and m3 to a mere
sin2 2θ13 <≃ 0.1. One would clearly like to im-
prove this result.
2. PROPOSED PROGRAM AT LNGS
Two experiments have been proposed within
the context of long-baseline and atmospheric
neutrino experiments at CERN: ICANOE[6]
and OPERA[7]. A third experiment, MONO-
LITH, has also been proposed and discussed by
Geiser[8].
The joint ICANOE and OPERA program aims
at contributing to the questions described in the
introduction. It is really based on these points:
1. a continuation of the observation of atmo-
spheric neutrinos with the improved tech-
nique of ICANOE/ICARUS;
2. a sensitive νµ → νe and νµ → ντ appear-
ance program with the accelerator neutri-
nos coming from CERN (CNGS) from a dis-
tance of 730 km.
In addition, ICANOE is sensitive to proton de-
cays in the lifetime range of > 1033 years. While
this sensitivity is not sufficient to explore con-
vincingly proton decay, ICANOE will be the test-
bed to confirm that absolutely background-free
searches can be achieved thanks to the excellent
imaging of the detector. Hence, ICANOE could
open the road to more massive detectors (in the
range of 30 kt) capable of exploring proton decay
in the range of > 1034 years[9].
The two proposals, while technologically chal-
lenging compared to “traditional” massive neu-
trino detectors, are both based on many years of
R&D undertaken in Europe. They can be con-
sidered as natural follow-ups of the NOMAD and
CHORUS experiments performed at CERN be-
tween 1994 and 1998.
The CERN council has so far only approved
in December 1999 the construction of the CNGS
beam. The two experiments have not yet been
approved, but progress is expected within a short
time, since the current schedule foresees the com-
missioning of the CNGS beam in the year 2005.
It is currently planned that experiments should
have access to the LNGS hall already in the year
2002 in order to be ready for 2005.
Clearly, the part of the program dedicated to
atmospheric neutrinos should start as soon as
possible.
3. ICARUS/ICANOE
The ICARUS technology provides an excellent
general purpose large scale neutrino detector: it
offers within the same volume a tracker in three
dimensions with high spatial resolution and par-
ticle identification, and also, because of the high
density of the liquid medium, precise homoge-
neous calorimetry.
This detector technology combines the charac-
teristics of a bubble chamber with the advantages
of the electronic read-out. The LAr TPC is based
on the fact that ionization electrons can drift over
large distances (meters) in a volume of purified
liquid Argon under a strong electric field. If a
proper readout system is realized (i.e. a set of
3fine pitched wire grids), it is possible to obtain a
massive “electronic bubble chamber” with superb
3D imaging.
The characteristics are the following: (a) it has
excellent imaging capabilities, i.e. a “bubble-
chamber” like device; (b) the target is fully
isotropic and homogeneous; (c) it is a track-
ing device, capable of dE/dx measurement. The
high dE/dx resolution allows both good momen-
tum measurement and particle identification for
soft particles; (d) electromagnetic and hadronic
showers are fully sampled. This allows to have
a good energy resolution for both electromag-
netic, σ(E)/E ≃ 3%/
√
E/GeV , and hadronic
contained showers, σ(E)/E ≃ 15%/
√
E/GeV ;
(e) It has excellent electron identification and
e/pi0 discrimination thanks to the ability to dis-
tinguish single and double m.i.p. by ionization
and to the bubble chamber quality space reso-
lution; (f) calorimetry allows full kinematics re-
construction of “contained” events; (g) muon mo-
mentum can be determined by multiple scattering
∆p/p ≈ 20% for long tracks; (h) it is continuously
sensitive, self-triggerable, cost effective and sim-
ple to build in modular form, sufficiently safe to
be located underground.
The ICARUS technique was studied and
demonstrated by an extensive R&D program
which included ten years of studies on small vol-
umes (proof of principle, purification methods,
readout schemes, mixtures of argon-methane, dif-
fusion coefficients, electronics) and five years of
studies with several detectors at CERN (purifi-
cation technology, real events, pattern recogni-
tion, event simulations, long duration tests, dop-
ing, readout technology). The largest of these
devices has a mass of 3 tons. A 50 liters proto-
type has been exposed to the CERN neutrino and
recently tracks with electron drift paths of about
≈ 140 cm have been obtained[10].
With the cooperation of specialized industries,
it is now conceivable to build very large scale de-
vices. AirLiquide has been chosen for the con-
struction of the large cryostat and for the Ar-
gon purification system. BREME Tecnica has
been selected for the internal detector mechan-
ics. CAEN will produce the readout electronics in
Table 1
Predicted performance of the new CNGS refer-
ence beam for an isoscalar target.
Process Rates (events/kton/year)
νµ CC 2450
ν¯µ CC 49
νe CC 20
ν¯e CC 1.2
ν NC 823
ν¯ NC 17
large scales. After several years of intense R&D
and prototyping, the ICARUS Collaboration is
now realizing the first 600 ton module, which will
be installed at the Gran Sasso Laboratory in the
year 2001.
A recent major step in the R&D program has
been the construction and operation of a fully in-
dustrial module of 15 ton (T15 prototype). This
device has provided (a) a full-scale test of the
cryostat technology; (b) a test of the “variable
geometry” wire chambers; (c) a test of the liquid
phase purification system; (d) a test of the trig-
ger via the scintillation light; (e) a large scale test
of the final readout electronics. This test can be
considered as the first operation of a 15 ton LAr
mass as an actual “detector”. More details can
be found in Ref.[11].
4. OPERA
OPERA[7] is the design of a massive detec-
tor able to operate on a medium or long base-
line location, to explore νµ−ντ oscillations based
on the emulsion technique. In OPERA, emul-
sions are used as high precision trackers, unlike
in CHORUS where they compose the active tar-
get. The extremely high space resolution of the
emulsion should cope with the peculiar signature
of the short lived τ lepton, produced in the in-
teractions of the ντ . Since the emulsion does not
have time resolution, there are electronic detec-
tors after each module in order to correlate the
neutrino interactions to the brick where they oc-
cur and to guide the scanning.
5. PHYSICS WITH THE CERN BEAM
4Table 2
Expected number of ντ CC events at Gran Sasso
per kton per year for an isoscalar target. Results
of simulations for different values of ∆m2 and
for sin2(2θ)= 1 are given for 4.5× 1019 pot/year.
These event numbers do not take detector effi-
ciencies into account.
Energy region Eντ [GeV] 1 - 30 1 - 100
∆m2=1× 10−3 eV2 2.34 2.48
∆m2=3× 10−3 eV2 20.7 21.4
∆m2=5× 10−3 eV2 55.9 57.7
∆m2=1× 10−2 eV2 195 202
Table 3
Fully identified tau events from νµ → ντ oscil-
lations and background. Rates normalized to
4 years “shared” running of CNGS (4 × 4.5 ×
1019 pots).
ICANOE OPERA
2× 10−3 eV2 12 4.6
3× 10−3 eV2 26 10.5
3.5× 10−3 eV2 35 14.3
5× 10−3 eV2 71 29
7× 10−3 eV2 121 57
10× 10−3 eV2 248 117
Background 5.1 0.43
5.1. The CNGS beam
The general strategy was to opt for a wide band
neutrino beam based on the experience gathered
at CERN with the design and the operation of
the WANF.
The primary proton have 400 GeV and assum-
ing 200 days per year at peak intensity 4.8 1013
per cycle, with 55% overall efficiency, one ex-
pects 4.5 1019 pot/year. In dedicated mode, up
to 7.6 1019 pot/year could be achieved.
The expected event rates per kton and year in
shared mode are listed in Table 1.
A first optimization of the beam has been car-
ried out with the goal of maximizing the ντ CC in-
teractions at LNGS for appearance experiments.
The optimization of the tau event rates intro-
duces conflicting requirements. Indeed, given the
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Figure 1. Expected reconstructed visible energy
of events with leading electron in ICANOE. The
filled histogram is the intrinsic νe, ν¯e contamina-
tion of the beam. The histogram is the ντ charged
current with subsequent decay of tau into elec-
tron. The dots are the sum of all contributions,
with statistical errors shown for a normalization
of 4 years “shared” running.
fixed baseline of 730 km and the wish to optimize
the rate in the region ∆m2 ≈ 10−3 − 10−2 eV2,
the probability of oscillation scales like 1/E2. But
the tau kinematical suppression requires high en-
ergy. This rate has been optimized by adjusting
the focusing system of the beam and the follow-
ing rates for tau appearance with maximal mixing
sin2 2θ=1 in shared running mode are obtained
in Table 2.
5.2. νµ → ντ appearance
It should be stressed that for most of the ∆m2
region allowed by Superkamiokande, the rate of
ντ CC events is so high as to give a statistical ex-
cess even prior or with mild selection cuts. This
is one of the main reason to perform this experi-
ment at long baseline!
In the case of ICANOE, the expected num-
ber of ντ CC with τ → eνν before any selec-
tion cuts for ∆m2 = 3.5 × 10−3 eV2 is ≃ 110
5Table 4
Rates for ICANOE from νµ → νe oscillations in three family mixing. The cuts Ee > 1 GeV, Evis <
20 GeV have been applied. For ∆m223 = 3.5×10
−3 eV2 and θ23 = 45
o and varying θ13. Rates normalized
to 4 years “shared” running of CNGS (4× 4.5× 1019 pots).
θ13 sin
2 2θ13 νe CC νµ → ντ νµ → νe Total Statistical
(degrees) τ → e significance
9 0.095 79 74 84 237 6.8σ
8 0.076 79 75 67 221 5.4σ
7 0.058 79 76 51 206 4.1σ
5 0.030 79 77 26 182 2.1σ
3 0.011 79 77 10 166 0.8σ
events in four years of “shared” running, while
the background from νe, ν¯e CC amounts to about
470 events. Such an excess can be seen prior to
kinematical cuts, for example in the visible en-
ergy distribution of events as shown in Figure 1.
The actual cuts will therefore be imposed a pos-
teriori in order to optimize the sensitivity for a
given ∆m2.
Because of the high resolution on measuring
kinematical quantities, the ντ appearance search
is based on the kinematical suppression of the
background using similar techniques to those of
the NOMAD experiment. The electron channel
in the liquid Argon provides a golden sample.
The leading electron is identified and precisely
measured. To reconstruct the hadronic jet, the
detector is used as an homogeneous calorimeter.
The main background of the intrinsic νe CC com-
ponent of the beam is suppressed to a few events,
while keeping a ≈ 30% efficiency for the signal.
In OPERA, the τ ’s produced in ντ CC interac-
tions, are detected by measuring their decay kink.
Current estimates of the number of background
events expected yield values below 1 in four years.
Thus OPERA is believed to be essentially free of
backgrounds.
The number of fully identified tau events from
νµ → ντ oscillations as a function of ∆m
2 and for
maximal mixing, and the remaining background
after selection cuts for ICANOE and OPERA are
listed in Table 3. These excellent performances
justify the label “direct tau appearance searches”.
5.3. νµ → νe appearance in three family
mixing
We note that for three neutrinos, the three
squared mass differences ∆m212, ∆m
2
13 and ∆m
2
23
are linearly dependent, so one has only two free
squared mass difference scales. The standard as-
signment is as such: the smallest one (say ∆m212)
is attributed to the solar neutrino deficit and
∆m223 ≈ ∆m
2
13 is set at the atmospheric neutrino
anomaly scale.
In the “standard” parameterization of the mix-
ing matrix analogous to the CKM matrix in the
quark sector, the amount of νe → νµ oscillations
is determined by the mixing angle known as θ13.
Indeed, one has:
P (νe → νe) = 1− sin
2(2θ13)∆
2
32 (4)
P (νe → νµ) = sin
2(2θ13) sin
2(θ23)∆
2
32 (5)
P (νe → ντ ) = sin
2(2θ13) cos
2(θ23)∆
2
32 (6)
P (νµ → ντ ) = cos
4(θ13) sin
2(2θ23)∆
2
32 (7)
where ∆232 = sin
2
(
∆m232L/4E
)
and identical ex-
pressions for anti-neutrinos. The negative reactor
data sets the limits sin2 2θ13 <≃ 0.1.
The excellent electron identification of ICA-
NOE allows to look for electron excess coming
from νµ → νe oscillations. At high energy, we ex-
pect in addition νµ → ντ with τ → eνν to distort
the electron sample. Kinematical analysis can be
used to separate the two contributions.
In terms of events, one can see in Table 4 the
different contributions expected for a normaliza-
tion of 4 years running in “shared” mode. Dif-
ferent values of the mixing angles θ13 are shown
in the first column. The third, fourth and fifth
6columns list the contribution from νe CC (intrin-
sic beam contamination), the amount of ντ CC
with electron decay of the tau for ∆m2 = 3.5 ×
10−3 eV2 and maximal mixing, and the amount
of νµ → νe oscillated events. The last column
shows the statistical significance of the νµ → νe
excess. Hence, ICANOE will test the θ13 angle
down to a few degrees.
6. ATMOSPHERIC NEUTRINOS
ICANOE can give fundamental contributions
to the study of atmospheric neutrinos in differ-
ent aspects, thanks to its unique performances
in terms of resolution and precision. In order
to achieve a better understanding of neutrino
phenomenology, it is fundamental to have coher-
ent results from different kind of measurements,
showing that all of them can be interpreted within
an unique model. Therefore, the possibility of
measuring atmospheric neutrinos with the same
detector operating in the long–baseline beam is
considered a fundamental feature in order to es-
tablish a robust confidence on the results. The
perspective, as far as atmospheric neutrinos are
concerned, is to provide redundant, high preci-
sion measurement and minimize as much as possi-
ble the systematics uncertainties of experimental
origin which affect the results of existing experi-
ments. Improvements over existing methods are
expected in
1. neutrino event selection
2. identification of νµ, νe and ντ flavors
3. identification of neutral currents
To illustrate the physics reach, we consider the
so-called L/E analysis. In order to verify that at-
mospheric neutrino disappearance is really due to
neutrino oscillations, an effective method consists
in observing the modulation given by the char-
acteristic oscillation probability of Eq. 1. This
modulation will be characteristic of a given ∆m2,
when the event rate is plotted as a function of
the reconstructed L/E of the events when com-
pared to theoretical predictions. The ratio of the
observed and predicted spectra has the advantage
of being quite insensitive to the precise knowledge
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Figure 2. Survival probability as a function of the
L/E ratio for oscillation (triangles) and decay hy-
pothesis (circles). Only statistical error has been
considered.
of the atmospheric neutrino flux, since the oscil-
lation pattern is found by dips in the L/E distri-
bution while the neutrino interaction spectrum is
known to be a slowly varying function of L/E.
Such a method is in principle capable of measur-
ing ∆m2 exploiting atmospheric neutrino events.
A smearing of the modulation is introduced by
the finite L/E resolution of the detection method.
Precise measurements of energy and direction of
both the muon and hadrons are therefore needed
in order to reconstruct precisely the neutrino
L/E. Figure 2 shows the survival probabilities as
a function of L/E for the neutrino decay hypoth-
esis (see Ref. [5]), and the oscillation hypothesis
with sin2 2θ = 1 and ∆m2 = 1.0 × 10−3, for an
exposure of 50 kton×year. Both hypothesis are
distinguishable from each other at around 2000
km/GeV within the statistical errors.
More details can be found in Ref. [6]. In partic-
ular, tau appearance in the atmospheric “beam”
is very attractive. Statistically significant signals
require exposures of more than 20 kt× years, but
still are achievable in 4-5 years running.
7Finally, ICANOE can also measure upward–
going muons from neutrinos interacting in the
surrounding rock. In fact, the design and size
of ICANOE are such to make it also a large area
detector.
7. NUCLEON DECAY
Nucleon decay is likely to occur at some level;
if experimentally observed it can be used to de-
termine fundamental properties of the nature and
the structure of the Unifying Gauge Theory at a
scale of 10−32 cm. From the experimental point
of view, the challenge matches the importance of
the issue.
Future nuclear decay experiments have to be
able to combine a large mass, the capability of dis-
tinguishing between several possible decay chan-
nels and a good background discrimination, in or-
der to increase their sensitivity linearly with the
mass.
As a specific example of the capabilities of ICA-
NOE, Figure 3 shows a simulated proton decay
in the mode p → νK+. This is one of the fa-
vored SUSY decays, and is quite typical due to
the presence of a strange meson in the final state.
A liquid Argon detector can profit from its very
good particle identification capabilities to tag the
kaon and its decay products. We recall here that
the kaon is typically below the Cerenkov thresh-
old for water, therefore it can be seen in a large
water detector only via its decay products.
Background-free searches can be performed
given the excellent imaging of the detector. Sin-
gle events will provide evidence for signal. More
details can be found in Refs. [6,9].
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